The effects of acute volume loading were examined on indices of left ventricular (LV) function in conscious, unrestrained and intact, tranquilized baboons. Experiments were conducted 1-3 mo after implantation of ultrasonic transducers to measure LV internal diameter and wall thickness, and miniature LV pressure gauges and aortic and left atrial catheters. In 10 intact, tranquilized baboons, rapid volume loading with saline increased LV end-diastolic pressure by 23.7±2.6 mm Hg, LV end-diastolic diameter by 7.8±1.5%, LV stroke work by 37.5±7.8%, while mean arterial pressure and peak LV wall stress did not change significantly. Despite the increase in preload and activation of the Frank-Starling mechanism, LV dP/dt max and the maximum velocity of myocardial fiber shortening (LV dD/dt max ) did not change. Volume loading after b-adrenergic or combined b-adrenergic and cholinergic blockades or volume loading with blood instead of saline also failed to augment LV dP/dt max and LV dD/dt max despite the increase in preload. In order to volume load the baboons in the conscious state, a radiofrequency (RF) interrogator system was devised, which upon receipt of a radio command, activated a battery operated pump to infuse 1,000 ml of saline i.v. to the baboons. In these experiments, preload rose, i.e., LV end-diastolic diameter increased by 13.9±2.1% and the Frank-Starling mechanism could be demonstrated, i.e., stroke work rose by 42.8±7.4%, but LV dP/dt max and LV […] 
INTRODUCTION
The maximum rate of left ventricular (LV)l pressure rise, dPldtmax, and the maximum velocity of myocardial fiber shortening, LV dDIdtmax, are widely used as indices of myocardial contractility. However, the utility ofthese indices is limited, due to sensitivity to changes in preload and afterload. It is generally recognized that LV dDIdtntar is more sensitive to changes in afterload (1) , while LV dPldtmar is thought to be more sensitive to changes in preload (2) . The concept of preload de- pendency of LV dPldtmax is based on numerous studies in isolated cardiac muscle (3) (4) (5) (6) , isolated hearts (6) (7) (8) (9) (10) (11) , anesthetized dogs (11) (12) (13) (14) (15) (16) and even intact, conscious dogs (17) , and man (18) . The conceptual basis for the preload dependency of LV dPldtmar is that an increase in preload activates the Frank-Starling mechanism, which in turn, increases LV dP/dtmar
The objective of the present study was to examine the effects of acute increases in LV preload on cardiac performance in a model phylogenetically close to man, i.e., the intact, instrumented baboon. The specific hypothesis to be tested was to determine if an acute increase in preload would elicit the Frank-Starling mechanism, and secondly if under these conditions, LV dPldt,mar and LV dD/dtm,ar rose. [20] [21] [22] [23] [24] [25] [26] kg, were tranquilized with ketamine hydrochloride, 10 mg/kg i.m., mechanically ventilated, and anesthetized using either halothane 1.5 vol% or pentobarbital, Na, 15 (Fig. 1) . The backpack included telemetry systems that provided internal LV diameter measurements on a 220-MHz frequency modulated radiofrequency (RF) carrier, LV pressure measurements and a pilot tone of 62.5 kHz for synchronization of the receiving electronics on a second RF carrier of 90 MHz using FM-FM modulation. To accomplish the volume loading experiments in the conscious baboons, an RF interrogator system was used to activate a motor driven pump, which then emptied the contents of a 1,000-ml saline bag into the animal via a venous catheter that was previously implanted in the jugular vein, when the electronics was installed in the backpack before each experiment (Fig. 1) . The interrogator system was a simple on-off switch controlled by a 10.7-MHz RF carrier, which was tone modulated to afford selectivity against inadvertent activation or inactivation of the electronics system.
Protocols
Experiments in tranquilized baboons. 1-3 mo postoperatively, the animals were again tranquilized with ketamine, 10 mg/kg i.m. initially, and with supplemental doses (3 mg/kg i.m.) as required. Transducer leads were connected to the instrumentation as described above. Volume loading, by administering 1,000 ml of saline (37°C) over -5 min through intracaths (14 gauge, Deseret Pharmaceuticals, Sandy, Utah) placed into two peripheral veins, was accomplished on separate days, under the following conditions: (a) in 10 baboons, without any other intervention; (b) in 3 baboons, blood was infused; (c) in 4 baboons after f3-adrenergic receptor blockade (propranolol, 1 mg/kg i.v.) tested with isoproterenol challenge, 0.5 ,ug/kg, and (d) in 3 baboons after combined ,Badrenergic and cholinergic (atropine, 0.2 mg/kg i.v.) blockades, tested with acetylcholine challenge, 40 utg/kg; (e) in 6 baboons volume loading was carried out after a hemorrhage of30 ml/kg. In four ofthese baboons the blood was reinfused first and then followed by 1,000 ml of saline. In two of these baboons the saline was administered first and then followed by the reinfusion of blood. In two animals the procedure was repeated on a separate day after 3-adrenergic receptor blockade.
Experiments in conscious baboons. In six conscious unrestrained baboons sitting in a large outdoor enclosure 1,000 ml of saline was administered i.v. using the RF interrogator system described above (Fig. 1) . It is important to note that sham volume loading experiments were carried out by activating the pump, but not infusing the saline.
Data processing
The data were collected on magnetic tape for subsequent playback for data analysis. Parameters derived from the signals included LV dPldtma, and LV dDIdtmar, i.e., the velocity of myocardial fiber shortening, using analog operational amplifiers. Expanded LV pressure was used to determine LV enddiastolic pressure. The frequency responses of differentiators was 700 and 140 Hz for dPldtmax and dDIdtmaz, respectively.
Heart rate was derived using a cardiotachometer, triggered by the LV pressure pulse. LV wall stress was calculated for a thick-walled elliposidal model using the formulas suggested by Mirsky (21, 22) . These formulas require knowledge of the relationship between the short and long axis of the left ventricle. This information was collected in one baboon, in which both measurements, i.e., LV long and short axis were recorded. During volume loading from the preload depressed base line, this relationship varied due to the assumption of a more spherical shape by the ventricle. During volume loading from the non-preload depressed base line, the ratio of the short to long axis remained -at 0.62. Peak LV wall stress was calculated only for these latter experiments, and a value of 0.62 was used for the ratio of LV short to long axis. Peak LV wall stress was evaluated using a PDP-11/34 computer (Digital Equipment Corp., Marlboro, Mass.), which sampled LV pressure, minor axis LV diameter and LV wall thickness signals through an analog-to-digital converter and calculated the stress at 7-ms intervals. For the calculation of LV external cardiac work in tranquilized baboons, LV stroke volumes, derived from the LV end-diastolic and end-systolic diameter values assuming a spherical shape of the left ventricle, were multiplied by the mean arterial pressure. For the calculation of internal stroke work in the conscious baboons (since arterial pressure was not measured in these experiments) instantaneous LV pressure and diameter signals were digitized into the PDP 11/34 computer at 250 Hz, and the area inscribed by (Table I) . Volume loading increased LV end-diastolic diameter by 7.8+1.5%, LV stroke shortening by 22.6+3.8%, and heart rate by 36.1+4.4%, whereas LV systolic pressure did not change significantly (Fig. 2) . With volume loading the increases in LV end-diastolic diameter were associated with a progressive elevation in LV stroke work (37.5+7.8%) (Fig. 3) . Mean LV wall stress did not chanige signiificanitly despite the marked preload stress (Fig. 3) . Actute voltumne loading with saline also failed to elicit significant chaniges in LV dP/dt,,,(Ix, and LV dD/dt,,,i, (Fig. 4) (Fig. 5) , while mean arterial pressure, LV dP/dt,,mar and LV dD/dt mar did not change (Fig. 5) . After combined 8-adrenergic and cholinergic blockades, when heart rate remained constant with acute elevation in IV preload, volume loading still failed to elicit increases in LV dPldt,ar and LV dDIdtmax.
Depressed preload. Preload was depressed by hemorrhage, 30 ml/kg. Volume loading in the presence of depressed preload increased markedly LV end-diastolic diameter (37.0±8.1% from 28.6±2.5 mm), LV stroke shortening (185.2±42.0% from 2.8±0.3 mm), and LV stroke work (1,176±379% from 207±54 g-cm). In these experiments LV dP/dtmax rose significantly (Fig. 6) Volume loading in conscious, unrestrained baboons ( Fig. 7) Base-line values for volume loading are included in Table III and Fig. 7 .
When the mechanism for volume loading was activated, but saline was not infused, effects on cardiovascular dynamics were not observed. However systolic pressure was not changed significantly. Despite the relatively large increases in LV end-diastolic diameter and stroke work, which occurred because these experiments were conducted in baboons in the upright posture, LV dPIdtmax and the velocity of myocardial fiber shortening (LV dDIdtmaz) failed to increase.
DISCUSSION
The maximum rate of pressure rise in the left ventricle, dP/dtmax, could be extremely useful as an index of myocardial contractility in man and experimental animals, if it was not suspected of being preload dependent (2) . Studies demonstrating an influence of preload on LV dP/dtma,, have been conducted in isolated cardiac muscle (3) (4) (5) (6) , isolated hearts (6) (7) (8) (9) (10) (11) , intact anesthetized animals (11) (12) (13) (14) (15) (16) , conscious animals (17), and man (18) . More recently, results from studies in man have were not masking the preload sensitivity of these indices.
(luestioned the concept of preload dependence of LV dPldtmnax (24) (25) (26) thetized preparations can be criticized on the basis that they are unphysiological. Indeed, directionally opposite results are found when the effects of volume loading are examined in open-chest anesthetized and intact, conscious dogs (27) . However, extrapolation from experimenits in conscious dogs to man is limited by virtue of species difference. The present investigation attempts to overcome many of the above mentioned limitations in experimental design, by examining the control of cardiac performance in a primate model of man.
Since the mechanism for preload dependence of LV dPldt mar and the maximum velocity of fiber shortening (27) , but were slightly greater than those observed in conscious, reclining dogs, since reflex increases in cardiac rate, which oppose increases in LV end-diastolic dimensions, were less in the baboons than previously observed in dogs (27) . Moreover, increases in LV stroke-shortening were greater in the baboons than previously observed in conscious dogs (27) . In part this was due to the difference in effect on afterload; in baboons afterload did not rise, whereas in dogs the significant increases in afterload prevented increases in stroke-shortening. In contrast to both conscious and anesthetized dogs, despite the acute and distinct elevation in LV preload, LV dPIdtmax, and the maximum velocity of fiber shortening, LV dDIdtmax, failed to change significantly with volume loading in the baboon. Many prior studies on this topic in either anesthetized (27) or conscious (17, 27) It is important to note that heart rate rose with volume loading. This should not counter the conclusions of the present study, since tachycardia, per se, should if anything increase LV dPldtmax and LV dDIdtmax through the Bowditch mechanism. However, in these experiments, as was observed previously in conscious dogs, the Bowditch mechanism appears to be of little importance in controlling myocardial contractility (28) . The data in the present study were not affected significantly by the modest rise in heart rate. Furthermore, after combined ,-adrenergic and cholinergic blockades, acute volume loading was neither associated with an increase in heart rate nor increases in LV dPIdtma.a or LV dD/dtmax.
It was felt particularly important to examine the response to volume loading in conscious, unrestrained baboons, since tranquilization could affect the control of cardiac performance. To do this, a 1,OOO-ml bag of saline was attached to a venous line and a motor driven pump, carried in the backpack of the animal. In the conscious, unrestrained baboons, acute volume loading elicited a similar response to that observed in the tranquilized animals, i.e. with an increase in preload, LV end-diastolic diameter and stroke work rose, indicating that the Frank-Starling mechanism could be activated. The increases in LV end-diastolic diameter were larger in the conscious as opposed to the tranquilized baboons because the conscious, unrestrained baboons were sitting and not reclining, and thus had a slightly depressed preload due to the different posture. Despite this larger increase in preload, LV dPIdtmax and LV dDIdtmax failed to change significantly. It is important to note that no hemodynamic changes were observed when the system was activated but saline was not infused.
It may be speculated that many prior experiments in lower species, particularly those with an open chest, were conducted with the preload artificially depressed. Therefore, baboons were also studied on separate days when LV preload was artificially depressed by acute hypovolemia. Acute hemorrhage was followed by reinfusion of the blood or by infusion of saline. Under these conditions, i.e., with depressed LV preload, a striking increase in LV stroke work was associated with a pronounced preload dependency of LV dPldtmax and LV dDIdtmax. It is important to note that at very low arterial pressure levels as occurs with hemorrhage, increases in LV dPldtmax with reinfusion do not only reflect changes in preload, but also are associated with increases in afterload. The increases in LV dP/dt max and LV dD/dtmax with volume loading in the presence of depressed preload were not due to reflex mechanisms, since they still were observed after f8-adrenergic blockade.
It is important to note that preload (LV end-diastolic diameter) rose significantly more for a given increment
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M. Zimpfer and S. F. Vatner in LV end-diastolic pressure in the experiments conducted from a depressed preload (left side, Fig. 6 ) as compared with those experiments conducted from the normal l)ase line (right side, Fig. 6 ). It is conceivable that the greater preload stress, per se, cotuld explain why LV dP/dt,,,, rose significantly more from the preload-depressed base line. In order to examine this possil)ility, responses of LV dP/dt, ,max were normalized for changes in LV end-diastolic diameter. The entire inierease in LV end-diastolic diameter that was observed with volume loading from the normal base line was 3.3 mmn (Fig. 6, right side) . This increase in LV enid-diastolic diamiieter was not significantly different fromii the fouir inidividual increases in LV end-diastolic liameter, which varied from 1.7 to 3.9 mmnn, wheni volumiiie loadIinig was carried out from the preload-depressed base linie (Fig. 6, left dIP/dt,,,na and LV dDIdt,,i,,. The results of the present investigation indicating insensitivity of LV dP/dtn,,ax to increases in preload, suggest that this index, also because of its relative insensitivity to changes in afterload and to moderate changes in heart rate, should be useful in human as well as animal studies to define myocardial contractility as long as base line preload is not depressed. With this in mind it is important to note that the majority of patients studied at cardiac catherization exhibit normal or elevated levels of preload.
